Object. Arterial bifurcations represent preferred locations for aneurysm formation, especially when they are associated with variations in divider geometry. The authors hypothesized a link between basilar apex aneurysms and basilar bifurcation (a) and vertebrobasilar junction (VBJ) angles.
©AANS, 2014
A rteriAl bifurcations tend to be preferred sites of aneurysm initiation and formation within the brain. 1, 4, 17 Indeed, it has been suggested that a particular bifurcation phenotype may be directly linked to intracranial aneurysms (IAs). 11 An optimal arrangement of branching and bifurcation sites in the cerebral vasculature is essential to preserve minimum energy expenditure along the network by maintaining constant wall shear stress (WSS) across daughter and parent vessels. 11, 25 This vascular optimality principle has been shown to generally apply to the cerebral circulation 11, 19, 20 and implies a relative optimal bifurcation angle depending on the relative sizes of the daughter branches. Consequently, changes in vessel design at bifurcations are intrinsically linked to altered hemodynamic forces at the apex and, as such, to a possible increased risk of IA formation. Indeed, the bifurcation apex is a site of maximal stress in the vascular network due to direct impact, deflation, and separation of blood flow. These regions are exposed to high WSS variations, which are believed to cause endothelial damage in the vessel wall and predispose the regions to pathological aneurysmal remodeling. 22 It is also generally accepted that geometrical aberrations are predisposWidening of the basilar bifurcation angle: association with presence of intracranial aneurysm, age, and female sex ing factors for vascular diseases, including atherosclerosis and IAs. 6, 11, 14, 15, 24 Wider bifurcation angles have been associated with aneurysm presence 11 and a particular hemodynamic environment at the bifurcation apex characterized by a wider stagnation area 7 of low pressure and WSS, which may allow aneurysms in these locations to grow larger than those located at bifurcations with narrow angles. 10 Basilar artery (BA) aneurysms account for 5%-8% of all IAs. 3, 8 The BA usually bifurcates at the level of the interpeduncular fossa, giving rise to the posterior cerebral arteries (PCAs). 26 In healthy individuals, the terminal BA bifurcation angle reportedly varies between 30° and 180° (mean in the range of 109°-117°) 3, 26 and has been shown to change with age. 16 In patients with aneurysms, dynamic angular remodeling and hemodynamic alterations of the BA bifurcation have been reported following Y-stent-assisted coiling. 7 The immediate narrowing of the basilar bifurcation angle postintervention was noted to reverse some of the pathological changes seen at wide bifurcation angles. We hypothesized that aneurysmal basilar bifurcations are characterized by increased angles compared with nonaneurysmal basilar bifurcations. To the best of our knowledge, the geometry of BA bifurcations harboring aneurysms has not been thoroughly investigated. This study evaluated the relationship between geometrical variations of the basilar bifurcation angle and aneurysm presence, location, and size. The effects of age and sex on the BA bifurcation angle were analyzed in control patients without aneurysms.
Methods

Patient Selection
Consecutive cerebral MR angiography (MRA) and catheter-based 3D rotational angiography volumes acquired over a 5-year period were reviewed for this study. All volumes showing a clear view of the BA bifurcation were included. Anatomical variants such as those harboring an absent P 1 segment (as in the case of a fetal PCA) were excluded from this study. A total of 400 patients (53% female) were available for analysis. Data on patient age, sex, and medical status (healthy/aneurysmal) were collected from a prospectively maintained database. The study was approved by Tufts Health Sciences Campus Institutional Review Board.
Data Acquisition
Patients underwent either 3D catheter-based cerebral angiography, with angiograms acquired using a Philips Integris or Siemens Artis calibrated biplane system and with volume reconstruction using the available clinical software package, or 3T MRA of the brain, with images acquired using a 3T Achieva unit (Philips Healthcare). MRA was performed using a 3D time-of-flight technique with a TR of 25 msec, TE of 3.45 msec, flip angle of 20°, by using a 20-cm FOV with 1-mm phase-encoding reconstructed to 512 × 512 (voxel size 0.39 × 0.39 × 0.5 mm). All volumetric data were visualized using 3D multiplanar reconstruction (MPR) and maximal intensity projection on OsiriX visualization software (64-bit, version 3.8; Pixmeo).
Morphological Feature Extraction
The BA apex was localized following 3D MPR visualization of the cross-sectional data set and alignment of the BA and PCAs using all 3 planes. The angle between the 2 P 1 proximal segments (a) 7 was manually measured using 3 points after the central point was placed at the tip of the bifurcation in line with the central axis of the BA. The other 2 points marked the end of the proximal P 1 segments of the left and right PCAs (Fig. 1) . The vertebrobasilar junction (VBJ) angle was evaluated in a similar manner in those cases in which accurate VBJ visualization was possible.
For validation, angle measurements were independently performed by 2 medical operators who were trained on the same measurement protocol but were blinded to each other's measurements. Interobserver variability (2 observers, 117 samples per feature) was analyzed using the intraclass correlation coefficient, 16 with a value above 0.75 representing excellent reliability. The intraclass correlation coefficient for a angle measurement between the 2 operators in this study was 0.82.
Computational Fluid Dynamics
To evaluate the effect of increasing bifurcation angle a on WSS in the region of the bifurcation apex, parametric and patient-derived models of the BA bifurcations were constructed using SolidWorks.
The parametric models were created with a straight parent vessel with a length of 15 mm and a radius of 1.3 mm. Symmetrical daughter vessels (lengths of 10 mm and radii of 1.032 mm) were joined to the mother vessel using a sphere with a concentric radius of 1.3 mm. The combination of the radii for the mother and daughter vessels followed the vascular optimality principle. Four bifurcation models were created with a angles of 60°, 120°, 180°, and 240°.
Patient-derived models were created for aneurysmal and control basilar bifurcations. Prior to computational flu- id dynamics (CFD) simulations, the aneurysm was digitally removed by local Laplacian smoothing followed by surface reconstruction in MeshLab version 1.3.1 (ISTI-CNR).
All models were used to create polyhedral meshes and perform CFD simulations as previously described.
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Following hemodynamic simulations, the WSS was sampled along the apex of the bifurcation from one daughter vessel to the other. The distance from the proximal WSS peaks in each daughter vessel was measured and compared between models.
Statistical Analysis
JMP statistical software (Version 10.0.0, SAS Institute) was used to evaluate the performance of the proposed parameters. Differences were considered statistically significant at p < 0.05. Univariate analyses were independently performed on all variables using Student t-tests and Tukey's honest significant difference test for pair analyses.
The correlations between angle a and aneurysm morphology (size, height, neck) were assessed by multivariate analysis using least squares linear regression. Receiver operating characteristics (ROC) curve analyses of angle size quantified by the area under the curve (AUC) index were used to determine sensitivity and specificity and identify optimal discriminating thresholds for each of the patient groups.
Results
Patient Population and Subgroups
Data from a total of 400 patients (53% female) were available for analysis. Forty-five patients harbored BA bifurcation aneurysms, 82 had aneurysms in other locations (non-BA), and 273 were control patients with no cerebral aneurysms. The indications for MRA performed in the control group included chronic headache (n = 91), stroke (n = 63), intracranial hemorrhage (n = 22), acute headache (n = 19), seizure (n = 17), screening due to family history (n = 14), tumor (n = 6), trauma (n = 5), vascular lesions other than aneurysms (n = 4), syncope (n = 3), Valsalva maneuver-induced headaches (n = 2), and other (n = 27).
The following subgroups were included in the BA bifurcation morphology statistical analysis:
1. Aneurysmal bifurcation analyses: a. Aneurysmal basilar bifurcations were compared with control basilar bifurcations (from patients with no aneurysms) and nonaneurysmal basilar bifurcations from patients with aneurysms in other locations (non-BA). All BA aneurysms were in adult patients older than 37 years. Because cerebral vascular geometry was previously shown to change with age, this analysis was performed on age-matched subgroups, and only those controls and non-BA patients older than 37 years were included. This resulted in 45 patients (75.6% female) with BA bifurcation aneurysms, 65 patients (67.7% female) with non-BA aneurysms, and 103 controls (44.7% female). The average ages of these 3 groups were 58.3 years (range 37-82 years), 57.4 years (range 38-83 years), and 57.1 years (range 39-85 years), respectively (p > 0.05).
b. The VBJ angle was compared in the 3 groups described above. Again, only patients older than 37 years were included in this analysis. Accurate visualization of the VBJ angle was possible in 175 patients, including 42 (73.8% female) with BA aneurysms, 47 (74.4% female) with non-BA aneurysms, and 86 controls (46.5% female). The average ages of these 3 groups were 57.7 years (range 37-82 years), 57.1 years (range 38-83 years), and 56.7 years (range 39-85 years), respectively (p > 0.05).
Healthy bifurcation analyses:
a. The geometry of the BA bifurcation was evaluated in all 273 control patients (46% female) whose mean age was 35.5 years (range 6 months to 88 years).
b. The geometry of the VBJ was evaluated in 236 control patients (48% female) whose mean age was 35.2 years (range 6 months to 88 years).
A flowchart detailing the population subgroups for each analysis is shown in Fig. 2 .
Aneurysmal Bifurcations
BA Bifurcations. The population subgroups were as follows: 45 BA aneurysms, 65 non-BA aneurysms, and 103 controls. In patients with BA aneurysms, the mean a angle was 146.7° ± 20.5° (range 103°-197.3°). In comparison, patients with non-BA aneurysms had a significantly more narrow mean a angle of 111.7° ± 17.98° (range 68.2°-151.5°, p < 0.0001). The mean a angle in the control group was 103° ± 20.6°, which was significantly less than those in the BA and non-BA groups (p < 0.0001 and p = 0.005, respectively) ( Table 1, Fig. 3A ).
Optimal Discriminating Angle Thresholds. Optimal a angle threshold values were determined for each patient subgroup by performing ROC analyses (Fig. 3C) . The optimal angle threshold for distinguishing between BA aneurysm patients and controls was 138° (AUC = 0.94), resulting in a sensitivity of 95.6% and specificity of 76%. The optimal angle threshold for distinguishing between BA and non-BA aneurysm patients was again 138° (AUC = 0.90), resulting in a sensitivity of 77.8% and specificity of 90.8%. In contrast, the optimal angle threshold for distinguishing between non-BA aneurysm patients and controls was 99.8° (AUC = 0.61), resulting in a sensitivity of 86.2% and specificity of 36.9%.
The Effect of Aneurysm Size, Age, and Sex on Angle α. In patients harboring BA aneurysms, linear regression analysis showed a statistically significant positive correlation between the bifurcation angle and aneurysm size (p = 0.0004), aneurysm height (p = 0.0009), and aneurysm neck (p < 0.0001). Multivariate analysis employing least squares linear regression was used to determine the relative dependency of a angle to aneurysm size, height, and neck. The analysis showed that angle a was independently predicted by the size of the aneurysm neck (Fig.  4) . It should be noted, that even when considering only small BA aneurysms (11 aneurysms, aneurysm size < 5 mm), a was significantly wider compared with non-BA aneurysms (134.7° ± 20.7° vs 111.7° ± 17.9°, p = 0.001) and compared with controls (134.7 ± 20.7° vs 103 ± 20.6°, p < 0.0001).
We did not observe a statistical correlation between angle a and age in BA patients (p = 0.65), but a trend was noticed in which a grew wider with increased age in non-BA patients (p = 0.05). There was no statistically significant difference in aneurysmal bifurcation angle between males and females for either BA or non-BA aneurysms.
VBJ. The population subgroups were as follows: 42 BA aneurysms, 47 non-BA aneurysms, and 86 controls. To explore whether the correlation between wider angle size and aneurysms applied to other bifurcation sites, this phenomenon was studied at the VBJ. In contrast to the stark differences at the terminal basilar bifurcation, the mean VBJ angle was not significantly different between aneurysmal and nonaneurysmal controls (67° ± 22.7° BA aneurysms vs 65.9° ± 21.7° non-BA aneurysms vs 62.9° ± 22.5° control, p = 0.6) ( Table 1, Fig. 3B ). In addition, sex and age dependency were not observed for any of the groups. There was no statistical correlation between VBJ angle and a for any of the groups evaluated.
Healthy Bifurcations
BA Bifurcations. BA bifurcation geometry was evaluated in 273 patients with no aneurysms (46% female) whose mean age was 35.5 years (range 6 months to 88 years). The mean a was 95.3° ± 20.2° (range 34.1°-145.3°).
Linear regression analysis showed a statistically significant positive correlation between age and a (p < 0.0001), with older patients having significantly wider bifurcation angles. Interestingly, the age correlation seems to be a characteristic of adulthood, as a was not correlated with age in patients younger than 35 years (p = 0.48, 154 patients) but was strongly correlated in older patients (p = 0.0005, 119 patients). Sex-specific analysis of patients older than 35 years showed that the angle correlation with age was much stronger in females (p = 0.002, 51 females) than males (p = 0.04, 68 males). The slope of the line fit was markedly steeper for females than males (Fig. 5) .
VBJ. The analysis included 236 controls. The mean VBJ angle was 63° ± 20.8° (range 4.9°-122.5°). There was no correlation between VBJ angle and a angle (p = 0.85), age (p = 0.44), or sex (p = 0.92).
CFD Simulations
Computational fluid dynamics simulations revealed that the bifurcation apex was characterized by low WSS in the area of flow impingement. In parametric models, the length and width of this area increased with the size of the angle. Adjacent to the impingement area, the WSS abruptly increased to the maximal values (acceleration area) and then gradually decreased farther away from the impingement center (deceleration area) along the daughter vessels (Fig. 6A) . WSS samples along the longitudinal cut on the bifurcation apex showed that the distance between the peak WSS for a = 60° was 0.38 mm and increased to 0.59 mm, 3.79 mm, and 6.82 mm for a = 120°, 180°, and 240°, respectively (Fig. 6B) . The increased distance strongly correlated with a larger angle (R 2 = 0.91) (Fig. 6C) . In patient-derived models, the narrow control bifurcation (a = 57.3°) was characterized by sharp acceleration and deceleration slopes, which resulted in a WSS peak distance of 0.80 mm (Fig. 7) . In contrast, the aneurysmal bifurcation (a = 139°) showed a wider low WSS area at the apex, with a slower increase of WSS toward the daughter vessels, which resulted in a WSS peak distance of 5.99 mm (Fig. 7) .
Discussion
Intracranial aneurysms preferentially form at bifur- Fig. 3 . A: Box plots displaying significant differences in mean BA bifurcation angles (a) among patients with BA aneurysms, patients with aneurysms in other locations (non-BA), and control subjects. B: Statistical comparison between VBJ angles in BA aneurysm patients, non-BA aneurysm patients, and control subjects. C: ROC curves of the a angle for predicting aneurysm presence between BA aneurysm patients and control subjects (red), BA and non-BA aneurysm patients (green), and non-BA aneurysm patients and control subjects (blue). Differences were considered statistically significant at p < 0.05.
cation sites in the cerebral vasculature. Previous studies examined the hemodynamic forces at bifurcation and branching points to identify possible mechanisms for aneurysm initiation and evolution. 1, 4, 9, 17 Arterial bifurcations are designed to maintain WSS and other hemodynamic forces at optimum levels, thereby minimizing energy expenditure. 1, 25 The underlying mechanisms responsible for controlling this dynamic vasoregulatory process are thought to be impaired at aneurysm sites. Resulting alterations in bifurcation geometry, namely angle size and vessel radii, have been shown to create hemodynamic conditions that predispose to IA development and progression. 11, 12 This study of a large cohort of 400 patients showed that aneurysm presence is associated with a wider basilar bifurcation angle. In particular, patients with BA aneurysms had significantly larger angles compared with both patients with IAs in other locations and control subjects. ROC analysis suggested that an angle threshold of 138° is a good discriminative value that is both sensitive and specific for predicting BA aneurysm presence. Notably, patients with aneurysms at other locations also had significantly wider basilar bifurcation angles, suggesting global arterial weakening at bifurcation sites throughout the cerebral circulation. While the aneurysmal bifurca- tion analysis was performed on age-matched subgroups, it should be noted that even when including all 400 patients into the analysis, there were still significant differences between the bifurcation angles of the 3 subgroups (BA aneurysms, non-BA aneurysms, and controls).
These consistently wider bifurcation angles at aneurysm sites raise the question of whether aneurysm morphology may have significantly impacted these findings. While aneurysm size, height, and neck width were all correlated with wider basilar bifurcation angles, only the aneurysm neck independently correlated with the size of the angle in multivariate analysis (Fig. 4) . CFD simulations on parametric and patient-based basilar bifurcations showed an area of accelerating WSS that widened with increased angles, followed by a deceleration region toward the daughter vessels (Figs. 6 and 7) . Previous studies suggested that the bifurcation apex may be protected from hemodynamic stresses by a narrow band of densely packed collagen fibers that covers the bifurcation medial pad and provides strength and stiffness to the region. 2, 5, 21 It was shown using surgically created arterial bifurcations in animals that the acceleration region adjacent to the medial pad was characterized by disrupted internal elastic lamina and loss of endothelium, which is consistent with early-stage IAs. 17 Whereas our simulations showed that the acceleration area grew from 0.38 mm to almost 7 mm with a larger angle, the medial pad was reported to take values between 0.42 mm 2 and 1.40 mm 2 . It seems that the impingement area corresponding to narrow bifurcation angles is positioned within the physiological bounds of the medial pad range, but as the bifurcation angle widens beyond a certain value, the unprotected tissue adjacent to the medial band becomes vulnerable to destructive remodeling induced by increased hemodynamic stresses and facilitated by the heterogeneous collagen structure of the bifurcation anatomy. With respect to aneurysm size, we found similar wider angles in bifurcations harboring even small aneurysms (< 5 mm). It appears unlikely that such small aneurysms exert a sufficient mass effect to account for the widening of the bifurcation angle.
The vast majority of cerebral aneurysms are believed to be adult-acquired conditions. Given the strong correlation between wider bifurcation angles and aneurysm presence, we hypothesized that the basilar bifurcation angle would be age dependent in control subjects. We assessed a large population of 273 patients without aneurysms and observed a clear age dependence in the basilar bifurcation angle, which is in line with previous findings. 23, 26 Because of the large control data set, we were able to demonstrate that bifurcation widening was more pronounced in adults. The age correlation was stronger in females, with a more pronounced change in angle, suggestive of more aggressive BA bifurcation angle remodeling in adult females than males.
Importantly, geometrical alterations were not observed at the VBJ where angle size did not vary significantly with aneurysm presence. In addition, the size of the VBJ angle did not change with increased age. The BA is the only large artery in humans in which 2 flows merge at the VBJ. In contrast to bifurcations where blood flow diverges, creating different hemodynamic forces that may ultimately impact the bifurcation tip, blood at the VBJ converges and does not directly affect the junctional region. 18 The difference between hemodynamic environments at converging versus diverging junctions may account for the contrasting behaviors of the VBJ and the BA bifurcation regarding aneurysm presence and age dependency.
While future prospective longitudinal studies are required to validate these results and establish a causal relationship, our data suggest that IAs may form partially as a consequence of pathological changes in bifurcation geometry. Given the retrospective nature of the study, we cannot conclude that wider bifurcation angles precede an- eurysm formation because the mere presence of an aneurysm could alter bifurcation morphology. The fact that even bifurcations harboring small aneurysms were characterized by wider angles compared with controls seems to suggest that aneurysm presence had a limited effect on the bifurcation angle. Still, to the best of our knowledge, no definitive data have been presented to conclusively settle this issue. Moreover, while we observed a strong correlation between the basilar bifurcation angle and aneurysm presence, we could not conclusively determine a cause-and-effect relationship. The possibility remains that aneurysm formation is an epiphenomenon of wider BA bifurcations rather than a direct consequence of higherrisk bifurcation morphology. Further investigations are required to clarify the potential utility and applicability of the BA bifurcation angle assessment in cerebral aneurysm risk stratification analysis.
Conclusions
Patients with aneurysms have a significantly wider basilar bifurcation angle than control patients, especially if the aneurysms originated off the BA. In control patients without aneurysms, the BA bifurcation angle increased with age during adulthood, especially in females. In contrast, no geometrical alterations at the VBJ were observed in any of the study groups. In summary, our data suggest that age-dependent geometrical alterations at BA bifurcation sites may play an important role in IA formation. 
